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Xeroderma pigmentosum (XP) and Cockayne syndrome (CS) are
rare autosomal recessive disorders associated with a defect in the
nucleotide excision repair (NER) pathway required for the removal
of DNA damage induced by UV light and distorting chemical
adducts. Although progressive neurological dysfunction is one of
the hallmarks of CS and of some groups of XP patients, the
causative mechanisms are largely unknown. Here we show that
mice lacking both the XPA (XP-group A) and CSB (CS-group B) genes
in contrast to the single mutants display severe growth retarda-
tion, ataxia, and motor dysfunction during early postnatal devel-
opment. Their cerebella are hypoplastic and showed impaired
foliation and stunted Purkinje cell dendrites. Reduced neurogen-
esis and increased apoptotic cell death occur in the cerebellar
external granular layer. These findings suggest that XPA and CSB
have additive roles in the mouse nervous system and support a
crucial role for these genes in normal brain development.

Xeroderma pigmentosum (XP) and Cockayne syndrome (CS)
are rare autosomal recessive disorders associated with in-

herited defects in the nucleotide excision repair (NER) system.
Complementation studies by using cell hybridization have re-
vealed the existence of eight genes in XP (groups A-G and a
variant) and two in CS (groups A and B) (1, 2). The clinical
hallmark of both disorders is pronounced hypersensitivity of the
skin to UV light. XP patients also exhibit �1,000-fold increased
risk of UV-induced skin cancer and a moderately enhanced
predisposition to internal tumors. About 20% of XP patients
develop progressive neurological dysfunction. XP-A patients
usually exhibit the most severe symptoms of XP with both skin
symptoms and central nervous system abnormalities. Many
XP-A individuals exhibit manifestations from birth or early in
life and correspond to the clinical category of DeSanctis–
Cacchione syndrome with progressive neurologic degeneration,
such as microcephaly, mental deterioration, choreoathetosis,
cerebellar ataxia, spasticity, sensorineuronal deafness, and pe-
ripheral neuropathy. CS patients exhibit a combination of pho-
tosensitivity, postnatal growth failure, and severe early onset
neurological abnormalities (i.e., microcephaly, mental retarda-
tion, limb ataxia, and abnormal gait, retinal pigmentation,
sensorineural hearing loss, and peripheral and central myeli-
nopathy), but they do not develop skin cancer (1, 3). Although
the neuropathological features of XP and CS patients show
similarities and the association of XP with CS has been exten-
sively discussed (1, 4), the main cause(s) of those symptoms are
still largely unknown.

Several mouse models for XP and CS have been established
by gene targeting (5–10). They reliably reflect the NER defect
but do not always represent a complete phenocopy of the
corresponding disorder. For example, in XPA-deficient mice,
susceptibility to UV- and chemical carcinogen-induced skin

cancer is greatly increased, but animals fail to develop clearly
detectable neurological abnormalities (5, 6). CSB-deficient mice
exhibit most of the CS repair characteristics, but in contrast to
human CS, show increased susceptibility to UV- and chemically
induced skin cancer, develop normally, and show only a mild
neurological phenotype (8). The mechanisms underlying the
difference in neurological phenotypes between XPA- and CSB-
deficient mice and the corresponding human patients remain
unknown.

Here we show that animals lacking both XPA and CSB genes
(XPA�/�CSB�/� mice) display growth retardation and abnormal
behavior, features that closely resemble symptoms observed in
human XP-A and�or CS-B patients at early postnatal stage. This
observation may provide new insight into the physiological roles
of NER genes in the nervous system and the pathogenesis of XP
and CS diseases.

Materials and Methods
Mice. XPA�/� (genetic background: CBA�C57BL6�CD-1) (6)
and CSB�/� (genetic background: C57BL6�129ola) (8) mice
were crossed to generate XPA�/�CSB�/� animals, that were
intercrossed to give XPA�/�CSB�/� and XPA�/�CSB�/� mice.
Matings between XPA�/�CSB�/� and XPA�/�CSB�/� animals
yielded the XPA�/�CSB�/�, XPA�/�CSB�/�, XPA�/�CSB�/�,
and XPA�/�CSB�/� littermate mice. Mouse genotyping was
performed as previously described (6, 11).

Immunohistochemistry. Histological analysis of the cerebellum in
mice lacking XPA and�or CSB was performed by using double
heterozygous (XPA�/�CSB�/�) as control. Mice were anesthe-
tized with chloroform, and brains were removed and fixed with
4% paraformaldehyde. Brain sections (10 �m) were cut by
cryostat and processed for histochemical staining with cresyl
violet. Alternatively, sections were processed for Purkinje cell
(PC)-specific immunohistochemical staining by using an anti-
calbindin D antibody diluted 1:500 (Sigma). Signals were visu-
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alized by using a Vectastain avidin-biotin peroxydase complex
(ABC) kit (Vector Laboratories). The length of the PC dendritic
tree was determined by measuring the thickness of the molecular
layer of six randomly chosen fields in the middle of midsagittal
section of lobules I�II, III, IX, and X per cerebellum stained with
anticalbindin D antibody. Five to eight animals of each genotype
were examined.

BrdUrd Labeling and Terminal Deoxynucleotidyl Transferase-Medi-
ated dUTP-Biotin Nick End-Labeling (TUNEL) Staining. To examine the
proliferative ability of neuroblasts in the cerebellum, mice were
injected with BrdUrd (50 mg�kg in saline) and anesthetized 1.5 h
after injection. BrdUrd incorporated into the cells was immu-
nohistochemically detected by using a BrdUrd staining Kit
(Oncogene Research Products). Cells undergoing apoptosis
were identified by the terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling (TUNEL) method, as
previously described (12).

Results
XPA�/�CSB�/� Mice Display Abnormal Behavior at an Early Postnatal
Age. XPA�/� and CSB�/� single mutant mice (6, 8) did
not display severe developmental and neurological abnormali-
ties. In marked contrast, XPA�/�CSB�/� mice (obtained from
XPA�/�CSB�/� � XPA�/�CSB�/� crossings) revealed develop-
mental defects starting from an early postnatal age and died
around postnatal day (P) 21 (life span 20.95 � 0.81, n � 20).
XPA�/�CSB�/� mice were born at nearly expected Mendelian
frequency [XPA�/�CSB�/� 39 (29.5%), XPA�/�CSB�/� 27
(20.5%), XPA�/�CS�/� 38 (28.8%) and XPA�/�CSB�/� 28
(21.2%), n � 132 newborns in 17 litters] and were indistinguish-
able from other littermates in overall appearance and size at
birth; poor development, low body weight, and small body
size became apparent during early postnatal life. In contrast,
XPA�/�CSB�/� offspring was indistinguishable from wild-type
mice in development, size, and behavior (M.Y. and G.T.J.H.,
unpublished observations) and was therefore used as a control
throughout the experiments.

Signs of ataxia progressively appeared in the XPA�/�CSB�/�

mice as early as around 1 week after birth and became clearly
evident around 2 weeks. XPA�/�CSB�/� mice sat with their
hind limbs spread widely to obtain balance (Fig. 1A) and
walked with a wide gait and tremors (data not shown). When
XPA�/�CSB�/� mice were suspended by their tails (a treat-
ment that causes wild-type and XPA�/�CSB�/� control mice to
extend and shake their hindlimbs), animals kept their hind
limbs often in a crossed or clasped position, indicating the loss
of coordinated movements of legs (Fig. 1B). Furthermore,
XPA�/�CSB�/� mice showed waltzing locomotion, a sign
indicative for inner ear defect (Fig. 1C), and often fell down
(Fig. 1D). XPA�/�CSB�/� control mice walked carefully, often
stopping and resting (data not shown). These features strongly
suggest that the neurological abnormalities displayed by
XPA�/�CSB�/� mice originate from cerebellar and vestibular
dysfunctions. To further examine the effects of XPA and CSB
gene defects on the central nervous system, we focused on the
cerebellar phenotype of XPA�/�CSB�/� mice.

Cerebellar Morphological Defects in XPA�/�CSB�/� Mice.
XPA�/�CSB�/� mice showed growth retardation from an early
postnatal stage (Fig. 2A). Compared with XPA�/�CSB�/� con-
trol mice, XPA�/�CSB�/� mice showed 40 and 20% reduction in
body and brain weight at P14, respectively (n � 20, P � 0.01),
whereas those of XPA�/�CSB�/� (n � 26) and XPA�/�CSB�/�

(n � 22) mice were comparable to the control (n � 35) (Fig. 2
B and C). We also examined several organs (the colon, lung,
pancreas, small intestine, spleen, stomach, testis, and thymus) of
XPA�/�CSB�/� mice. Although they were apparently smaller in
size in comparison with those of the control, no obvious histo-
logical abnormalities were found (data not shown). Further
examinations will be necessary to elucidate the principal cause
of the growth retardation and premature death of XPA�/�

CSB �/� mice.
Although slight reduction in size and weight was observed, the

gross appearance of the brain of XPA�/�CSB�/� mice seemed
normal (e.g., the cerebrum and olfactory bulbs). However, the

Fig. 1. Motor dysfunction and abnormal behavior in XPA�/�CSB�/� mice. (A)
Compared with control littermates of XPA�/�CSB�/� (Left), XPA�/�CSB�/� mice
(Right) had to spread their hind limbs to maintain balance (P14). (B) When the
mice were suspended by their tails, the XPA�/�CSB�/� mice (Right) often
crossed or clasped their hind limbs, whereas XPA�/�CSB�/� mice (Left) usually
extended and shook their hind limbs. XPA�/�CSB�/� mice frequently per-
formed waltzing (C 1–4) or lost their balance and fell (D 1–4).

Fig. 2. Comparison of the body and brain of each genotypic mouse. (A)
XPA�/�CSB�/� mice show growth retardation from an early postnatal stage
(P14). (B) The gross view of the brain of XPA�/�CSB�/� versus XPA�/�CSB�/�

littermates. Comparison to XPA�/�CSB�/� control, XPA�/�CSB�/� cerebellum
was remarkably smaller (red interrupted line), so the colliculi were more
exposed (black arrowheads). (Bar � 10 mm.) (C) Averaged body and brain
weight of each genotype at P14. Values are mean � SD derived from mice of
each genotype. *, P � 0.01, against XPA�/�CSB�/�.
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cerebellum of the XPA�/�CSB�/� mice was strikingly small in
comparison to that of XPA�/�CSB�/� mice (Fig. 2B). These
abnormalities were not observed at birth but became apparent
around P8 (data not shown), suggesting that cell depletion takes
place during early postnatal development. Analysis of cresyl
violet-stained sagittal sections of cerebella derived from
XPA�/�CSB�/� mice confirmed a gross reduction in the size of
the cerebellum. In comparison to XPA�/�CSB�/� mice (n � 6),
XPA�/�CSB�/� animals showed impaired foliation and sulcus
formation throughout the cerebellum, which appeared more
prominent at lobules I�II, VI, IX, and X (n � 6) at P14 (Fig. 3
A and D). In contrast, cerebella of XPA�/�CSB�/� (n � 6) and
XPA�/�CSB�/� (n � 11) mice did not show any irregularities and
were indistinguishable from those of control XPA�/�CSB�/�

mice (Fig. 3 B and C). The abnormalities of XPA�/�CSB�/� mice
were not simply caused by a delay in cerebellar folding, because
they were already observed at P8 (n � 6 of each XPA�/�CSB�/�

and XPA�/�CSB�/�) (Fig. 3 E and F) and did not disappear even
at P20 when cell proliferation and migration of neuronal pre-
cursors in the mouse cerebellum is completed (n � 5 of
XPA�/�CSB�/� and n � 6 of XPA�/�CSB�/�) (Fig. 3 G and H).

To further examine the morphological abnormalities in the
cerebellum of XPA�/�CSB�/� mice, we stained PCs with anti-
calbindin D antibody, a specific marker for this cell type (Fig. 4).
The structural organization of the external granular layer

(EGL), molecular layer (ML), and internal granular layer (IGL)
formed in an orderly fashion. However, the thickness of these
cerebellar layers was strikingly reduced, and stunted PC den-
drites were observed in XPA�/�CSB�/� mice in comparison to
those of control XPA�/�CSB�/� mice (Fig. 4A). Moreover, size
measurements of dendritic trees of PCs in XPA�/�CSB�/� mice
both at P8 (n � 8) and at P14 (n � 6) revealed a significant
reduction in length compared with those of control animals (n �
8 at P8 and n � 5 at P14) (Fig. 4B). These results suggest that
PC dendritic differentiation is impaired in XPA�/�CSB�/� mice.
In contrast, the cerebellar layer formation and the length of
dendritic trees of PCs were not affected in XPA�/�CSB�/� (n �
7 at both P8 and P14) and XPA�/�CSB�/� (n � 7 at P8 and n �
6 at P14) mice (data not shown, Fig. 4B). These results indicate
that the abnormal cerebellar histogenesis takes place during
early postnatal development in XPA�/�CSB�/� mice.

Reduced Neurogenesis in the EGL in XPA�/�CSB�/� Cerebellum. Dur-
ing postnatal development, the cerebellar morphogenesis largely
depends on the proliferation and migration of granular neuron
precursors in the EGL (13–15). Thus, we next examined the
proliferative capacity of cells in the EGL by using BrdUrd
incorporation in dividing cells followed by immunohistochem-
istry. At P8, when neurogenesis in cerebellar granule cells in the
EGL reaches its maximum, the thickness of the BrdUrd-positive
cell region in the EGL was reduced in XPA�/�CSB�/� animals
(n � 5) in comparison with XPA�/�CSB�/� mice (n � 4) (Fig.
5 A and B). A reduction in the number of BrdUrd-positive cell
was observed on the anterior (lobule I�II and lobule III) side
and, to a lesser extent, on the posterior (lobules IX and X) side
(Fig. 5C). We could not find a significant difference in the
number of BrdUrd-positive cell between XPA�/�CSB�/� (n � 3)

Fig. 3. Histological abnormalities of cerebellum in XPA�/�CSB�/� mice.
Sagittal cerebellar sections of P14 (A–D), P8 (E and F), and P20 (G and H)
XPA�/�CSB�/� (A, E, and G), XPA�/�CSB�/� (B), XPA�/�CSB�/� (C), and
XPA�/�CSB�/� (D, F, and H) mice. XPA�/�CSB�/� mice (D) showed impaired
cerebellar foliation pattern and some fissures (black arrowheads), and the
tenth lobule (Flocculonodular lobe, white triangles) appeared to be small
compared with other genotypes (A–C). (Bar � 1 mm.)

Fig. 4. Immunohistochemical staining of cerebellar PCs with anticalbindin
antibody. (A) PC morphologies of XPA�/�CSB�/� and XPA�/�CSB�/� mice at P8
(Left) and P14 (Right). EGL, external granule cell layer; PCL, PC layer; IGL,
internal granule cell layer; ML, molecular layer. (Bar � 50 �m.) (B) Measures of
the length of the dendritic tree of PCs in lobules I�II and III, and IX�X of each
genotypic mice cerebellum at P8 and P14. Values are mean � SD for six
midsagittal sections derived from five to eight mice of each genotype. *, P �
0.001, and **, P � 0.0001, against XPA�/�CSB�/�.
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or XPA�/�CSB�/� (n � 5) mice and XPA�/�CSB�/� mice (Fig.
5C). At P14, BrdUrd-positive cells had almost disappeared from
the EGL, and there was no longer a significant difference in the
numbers among the genotypes (n � 3 for each genotype
examined) (Fig. 5C). At P20, we could find few proliferating cells
in the EGL of XPA�/�CSB�/� mice as well as littermates of the
other genotypes (data not shown). These results demonstrate
that the XPA and CSB gene defects do not delay the disappear-
ance of the EGL but rather impair neurogenesis in the EGL.

Accelerated Apoptosis in the EGL in XPA�/�CSB�/� Cerebellum. To
examine whether neuronal cell death is accelerated in the
developing cerebellum of XPA�/�CSB�/� mice, we performed a
TUNEL staining to detect cells dying from apoptosis. At P8, a
significant increase in the number of TUNEL-positive cells in the
EGL of XPA�/�CSB�/� (n � 5) mice was observed when
compared with that of control XPA�/�CSB�/� (n � 5) mice (Fig.
6 A, D, and G). Although we noted a slight increase in the
number of TUNEL-positive cells in the EGL of XPA�/�CSB�/�

(n � 5) mice (Fig. 6 C and G), the difference with
XPA�/�CSB�/� (n � 3) (Fig. 6 B and G) and XPA�/�CSB�/�

mice was not significant. Moreover, we could find hardly any
TUNEL-positive cells in the PC layer, molecular layer, and
internal granular layer in all genotypes (Fig. 6 A–D, data not
shown). At P14, neither EGL nor other layers contained many
TUNEL-positive cells in both XPA�/�CSB�/� and XPA�/�CSB�/�

mice (Fig. 6 E–G). These results indicate that a combined XPA and
CSB gene defect preferentially accelerates apoptotic cell death in
the EGL and suggest that, together with the impaired neurogenesis
in the EGL, this may associate with the reduced size of the
XPA�/�CSB�/� cerebellum.

Discussion
In this study, we have shown that XPA�/�CSB�/� mice exhibit
distinct neurological symptoms resembling those of human
XP-A and CS-B patients, and that the cerebella of these animals
display abnormal cerebellar histogenesis and PC differentiation.
Moreover, immunohistochemical examinations revealed de-

creased neurogenesis and increased apoptosis within the EGL.
Our results provide in vivo evidence that a NER gene defect can
prevent neural cell proliferation and affect survival during devel-
opment, which may trigger various neurological abnormalities.

The cerebellum is one of the best characterized regions of the
brain with respect to development. It undergoes dramatic de-
velopmental changes during the first 3 weeks of postnatal life in
the mouse (13). During this period, neuroblasts proliferate in the
EGL and differentiate into cerebellar granular cells that migrate
toward the internal granular layer. This leads to a dramatic
increase in the volume of the cerebellum (over 1,000-fold) and
to the formation of the mature cerebellar structure, including
deep fissures and folia. In contrast to the granular cells, PCs have
already stopped proliferating at birth and then (P3–P28) extend
their dendrites into the molecular cell layer, where they form
synapses with parallel fibers and climbing fibers from granule
cells and inferior olivary nucleus cells, respectively (14, 15). In
the present study, histological analysis revealed an apparent
reduction in size and an impaired foliation pattern in the
cerebellum of XPA�/�CSB �/� mice (Fig. 3). Interestingly, lobule
X was strikingly smaller than in the cerebella of mice with other
genotypes. Lobule X has a profound functional connection with

Fig. 5. Reduced neurogenesis in XPA�/�CSB�/� cerebellur EGL. Compared
with the EGL of XPA�/�CSB�/� cerebellum (A), proliferating cells (black)
were obviously decreased in number, and the row of cells disordered in
XPA�/�CSB�/� cerebellum at P8 (B). (Bar � 50 �m.) (C) A comparison of
proliferative ability of cells in the EGL of lobules I�II and III, and IX�X of each
genotypes at P8 and P14. Values are mean � SD for six sections derived from
three to five mice of each genotype. *, P � 0.002, and **, P � 0.02, against
XPA�/�CSB�/�.

Fig. 6. Accelerated apoptosis in XPA�/�CSB�/� cerebellar EGL. (A–D) The
cerebellum of each genotypic mouse at P8 was stained by TUNEL. The number
of TUNEL-positive cells (arrowhead) was significantly higher in XPA�/�CSB�/�

EGL (D) than XPA�/�CSB�/� EGL (A) but comparable between XPA�/�CSB�/�

(B) and XPA�/�CSB�/� (C). At P14, only a few TUNEL-positive cells remained in
the EGL of both XPA�/�CSB�/� (E) and XPA�/�CSB�/� (F). (Bar � 50 �m.) (G) A
comparison of the number of TUNEL-positive cells in the EGL in lobules I�II and
III, and IX�X of each genotypes at P8 and P14. Values are mean � SD for six
sections derived from three to five mice of each genotype. *, P � 0.004, and

**, P � 0.03, against XPA�/�CSB�/�.
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the vestibular system that controls equilibrium, upright stance,
gait, and the auditory system (15), suggesting that the vestibular
neurological phenotypes of XPA�/�CSB�/� mice might originate
from this structural abnormality. Alternatively, it is possible that
the defect of the vestibular system impairs in turn the normal
cerebellar development in XPA�/�CSB�/� mice.

It has been shown that proliferation and apoptosis of neuronal
cells in the EGL play a crucial role in postnatal cerebellar
histogenesis in the mouse (14–16). Given the impaired prolif-
eration and accelerated apoptotic cell death in the EGL of
XPA�/�CSB�/� mice, the abnormal histogenesis of the cerebel-
lum in XPA�/�CSB�/� mouse might result from hypocellularity
of the EGL, which in turn affects the cerebellar layer structure
and foliation. On the other hand, in comparison to control
XPA�/�CSB�/� mice, the number of PCs in the cerebellum of
XPA�/�CSB�/� animals at birth is not significantly changed
(M.M. and I.N., unpublished observations), and apoptosis in the
PC layer does not increase in later postnatal life (Fig. 6). These
suggest that PC degeneration does not predominantly contribute
to the neurological symptoms of XPA�/�CSB�/� mice. Rather,
PCs are the only afferent output cells in the cerebellar cortex;
thus, abnormal morphology of PC dendrites in which afferent
inputs are integrated may primarily relate to the motor dysfunc-
tion of XPA�/�CSB�/� mice.

Unlike XPA and CSB single mutant mice, XPA�/�CSB�/�

animals die before weaning and exhibit severe neurological
symptoms during early postnatal development. Which molecular
mechanism underlies these neurological abnormalities in
XPA�/�CSB�/� mice? The findings that, in XPA�/�CSB�/�

mice, the mild neurological phenotype of CSB�/� mice (8) seems
to be dramatically enhanced when XPA is additionally inacti-
vated suggest that CSB and XPA have at least in part an addi-
tive role in the developing mouse brain, and that mutations in
these genes cause abnormal neuronal development and brain
dysfunction.

One explanation is that accumulation of DNA damage is
enhanced in XPA�/�CSB�/� mice in comparison with XPA and
CSB single mutant animals. Both XPA and CSB gene products
are involved in NER, which deals mainly with severely distorting
DNA injuries, including bulky nucleotide adducts and intras-
trand DNA crosslinks (17). NER includes two damage-sensing
pathways: one for the entire genome, global genome NER, and
one focusing on the transcribed strand of active genes, desig-
nated transcription-coupled NER. XPA binds to the damaged
site as one of the DNA damage recognition�verification factors
required for both NER pathways, whereas CSB acts specifically
in transcription-coupled repair (18, 19). In addition, recent
studies have shown that XPA is required for removal of oxygen
free radical-induced 5�, 8-purine cyclodeoxynucleosides lesions
(20, 21), and that CSB is required for the transcription-coupled
base excision repair of 8-oxoGuanine, a highly mutagenic oxi-
dative DNA lesion (22). On the basis of these results, it could be
hypothesized that in the absence of certain repair (sub) path-
ways, increased levels of unrepaired or misrepaired (endoge-
nous) DNA damage can lead to abnormal neuronal proliferation
and survival in XPA�/�CSB�/� mice. This may dramatically
worsen the phenotypes of single mutant mice. Because the brain
is thought to be one of the organs most sensitive to oxidative
stress, oxidative DNA damage is a strong candidate. In fact,
recent studies have suggested that oxidative stress and disturbed
glutamate transport (a hallmark of the excite neurotoxicity) may
be involved in cerebellar neurodegeneration of XP-A and CS
patients (23). Furthermore, Nouspikel and Hanawalt (24)
showed that global genome repair rather than transcription-
coupled repair of UV-induced DNA lesions was significantly
impaired in terminally differentiated human hNT neurons,
whereas both repair systems are active in undifferentiated NT2
cells. To elucidate the role of XPA and CSB in the development

and aging of the nervous system, it would therefore be of interest
to examine DNA repair in neuronal cells of XPA�/�CSB�/� mice
as well as young and aged single mutant animals of various types
of DNA lesions.

Another possibility is a direct or indirect involvement of XPA
and CSB gene products in neural gene expression. The key
example for the connection between NER and transcription is
the presence of the XPB and XPD proteins in the transcription�
repair factor TFIIH, involved in opening of the DNA helix
during the transcription initiation step or as a preparatory step
to the damage excision reaction (25). Both XPA and CSB
proteins form a NER complex with TFIIH (2, 26, 27). Moreover,
the CSB protein is found in a complex with RNA polymerase II
(28) and enhances transcription elongation in vitro (29, 30).
These findings open the possibility that the defects of XPA and
CSB gene defects directly affect the level of neuronal gene
expression. Taken together, if the transcription and�or DNA
repair machinery is substantially impaired, the neuronal devel-
opmental process may be disrupted, resulting in inappropriate
premature neuronal differentiation and apoptosis. At this point,
it should be further clarified whether XPA and CSB have a
similar redundant function that prevents the onset of a severe
phenotype in the single mutant mice or whether defects in the
XPA and CSB gene act synergistically. In the latter scenario, it
is envisaged that the potential transcription (elongation) defect,
caused by the CSB deficiency, is further hampered by the
increased levels of endogenously produced transcription-
blocking DNA lesions, originating from the lack of global
genome repair by the XPA defect.

Interestingly, XPG�/� mice display postnatal growth failure
and undergo premature death before weaning and as such
strongly resemble XPA�/�CSB�/� mice (9). Moreover, Sun et al.
recently reported PC degeneration and abnormal dendritic
arborization were observed at P20 in XPG�/� mice (31). XPG
interacts with various NER proteins (including XPA, CSB, and
TFIIH) and acts as a structure-specific 3� DNA endonuclease,
cleaving the damaged strand at the 3�-side of the lesion. In
addition, XPG takes part in transcription-coupled repair of
oxidative DNA damage caused by 8-oxoGuanine and thymine
glycol in human cells as well as CSB and TFIIH (22, 32). These
results suggest that the mechanisms underlying the severe and
comparable phenotype of XPG�/� and XPA�/�CSB�/� mice may
be very similar.

The relationship between neurological function and the nor-
mal repertoire of DNA-damage responses has only recently been
firmly established. Compelling examples are mouse models with
deficiencies in XRCC2 (thought to be central to homologous
recombination repair) (33), XRCC4, Ligase IV, Ku70, and Ku80
(all involved in nonhomologous DNA double-strand break re-
pair) (34–36), and DNA polymerase � (which functions in DNA
base excision repair) (37). Furthermore, mutations in the ataxia-
telangiectasia-mutated (ATM) gene have been shown to rescue
neuronal apoptosis in Ligase IV mutant mice, indicating that
DNA damage checkpoint proteins are involved (38, 39). In
addition to defects in different types of DNA repair pathways,
these animals exhibit strikingly similar neurological phenotypes,
that is, defective neurogenesis associated with extensive apopto-
sis in the developing nervous system. Here, by using XPA�/�CSB�/�

mice, we have shown that deficiencies in NER genes can also cause
accelerated apoptosis in developing neuronal tissues. Apart from
the connection between human NER gene deficiencies and neu-
rodegeneration, our present findings further support the idea that
DNA repair processes play a crucial role in normal development
and maintenance of the nervous system (40).

The molecular basis for the difference in neurological phe-
notypes between human XP-A and CS-B diseases and the
corresponding mouse models remains unknown. In XP-A and
CS patients, postnatal cerebellar neurodegeneration and abnor-
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mal dendritic morphology of PC have been reported (41, 42).
Moreover, in the developing normal human cerebellum, the
EGL appears between the ninth and eleventh gestational weeks
and persists until the end of the first postnatal year (43), whereas
abnormal motor activity, gait disturbance, and cerebellar ataxia
start at early postnatal age in XP-A and CS patients, and in some
CS patients the signs are observed even at birth (3). Taken
together, these results led us to hypothesize that, similar to
the severe and early onset cerebellar abnormalities in
XPA�/�CSB�/� mice, the severe forms of XP-A and CS-B may
be caused by the synergy of impaired neurogenesis, cell survival,
and PC differentiation in development. In contrast, in the less
severe forms, neurons that escape from cell death and are not
severely damaged in the developmental stage might become the
cause of neurological abnormalities at later stages of life. In this
respect, it is interesting to note that the ATM protein has been

suggested to act as a neural survival checkpoint component
during neurogenesis (40, 44). Although the neuropathological
analysis of the developing cerebellum of XP-A and CS-B patients
remains to be clarified, our findings raise the possibility that at
least some early onset neurological abnormalities in XP-A
and�or CS-B patients are caused by neurodevelopmental defects
rather than by neurodegeneration later in life.
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